Tuberculous meningitis (TBM) is caused by tuberculosis infection of of the meninges, which are the membrane systems that encircle the brain, with a high morbidity and mortality rate. It is challenging to diagnose TBM among other types of meningitis, such as viral meningitis, bacterial meningitis and cryptococcal meningitis. We aimed to identify metabolites that are differentially expressed between TBM and the other types of meningitis by a global metabolomics analysis. The cerebrospinal fluids (CSF) from 50 patients with TBM, 17 with viral meningitis, 17 with bacterial meningitis, and 16 with cryptococcal meningitis were analyzed using ultra high performance liquid chromatography coupled with quadrupole time of flight mass spectrometry (UHPLC-QTOF-MS). A total of 1161 and 512 features were determined in positive and negative electrospray ionization mode, respectively. A clear separation between TBM and viral, bacterial or cryptococcal meningitis was achieved by orthogonal projections to latent structures-discriminate analysis (OPLS-DA) analysis. Potential metabolic markers and related pathways were identified, which were mainly involved in the metabolism of amino acid, lipids and nucleosides. In summary, differential metabolic profiles of the CSF exist between TBM and other types of meningitis, and potential metabolic biomarkers were identified to differentiate TBM from other types of meningitis.
INTRODUCTION
Tuberculosis (TB) remains a major global health burden. There were approximately 11 million prevalent cases, and an estimated 9 million incident cases occurred all over the world in 2013 [1] . In 2012, TB killed 1.3 million people worldwide [2] . Tuberculous meningitis (TBM) is Mycobacterium tuberculosis infection of the meninges, that is, the membranes which envelop the central nervous system (CNS). It is the most severe form of tuberculosis infection in the CNS, leading to a fatal outcome and permanent sequelae [3] [4] [5] . It is widely accepted that TBM carries a high morbidity and mortality rate [6] [7] [8] . Moreover, neurological deficits such as hemiplegia, quadriplegia, seizures, cognitive impairment and cranial nerve palsy have been frequently reported in TBM survivors [5] . Previous studies have demonstrated that early diagnosis and in-time treatment of TBM is critical in reducing complications and mortality rates [9] [10] [11] . However, there is no universally accepted method for differentiating TBM diagnosis from other meningitis, such as viral meningitis, cryptococcal meningitis and bacterial meningitis, thus resulting in delayed intervention, and a higher morbidity and mortality rate. Hence, the development of a more accurate diagnosis based on molecular biology for TBM is necessary.
Metabolomics is the quantitative analysis of a comprehensive profile of metabolites in biological samples, which provides new insight into the metabolic pathway of disease and identifies potential disease markers [12] . It is well known that TB infection can alter metabolic processes. As TB transgresses the blood-brain barrier (BBB) and invades the CNS, the cerebrospinal fluid (CSF) presents with a predominance of lymphocytes, increased protein content and low glucose concentration. Previous studies using nuclear magnetic resonance (NMR)-based metabolomics approach have identified elevated levels of lactic acid in the CSF of TBM infants and children compared to non-meningitis controls [13, 14] . Until now, data regarding to the systematic characteristics of CSF metabolome in TBM and other meningitis is very scarcity. In this study, we used the ultra high performance liquid chromatography coupled with quadrupole time of flight mass spectrometry (UHPLC-QTOF-MS) to analyze CSF collected from patients with TBM, viral meningitis, cryptococcal meningitis and bacterial meningitis, in the purpose of discovering potential biomarkers for the differential diagnosis of meningitis, and providing new insights into the pathophysiology of TBM.
RESULTS

Baseline characteristics and CSF metabolic profiles
50 patients diagnosed as TBM, 17 subjects with viral meningitis, 17 with bacterial meningitis, and 16 with cryptococcal meningitis were included in this study. The age (average ± standard deviation) of patients in TBM, viral meningitis, bacterial meningitis and cryptococcal meningitis was 47.58 ± 17.52, 38.24 ± 20.22, 44.59 ± 20.16, 46.94 ± 10.00, respectively. Two-tailed t test witnessed no significant difference among the four groups. The participants included 64 males and 36 females. No difference of gender distribution was observed in each group of comparison.
A total of 100 CSF samples were analyzed by UHPLC-QTOF-MS non-targeting profiling method. Instrument performance was constantly monitored by 28 QC samples. After the de-noising procedure and data normalization, 1161 (positive) and 512 (negative) features were identified and applied for further investigation.
Multivariate data analyses
We first tried a PCA analysis but we did not find a discernible separation among the four groups ( Figure  1 ). We then tried OPLS-DA and found that it was able to separation TBM from viral meningitis (Figure 2a,  2b) , from bacterial meningitis (Figure 2c, 2d) , and from cryptococcal meningitis (Figure 2e, 2f ). The quality of the assessing models was evaluated by sevenfold crossvalidation permutation test (Figure 3 ). Related parameters were exhibited in Table 1 
Potential metabolic markers and related pathways
Visible volcano plots of differentially expressed compounds for each comparison were displayed in Figure 4 . Potential metabolic markers which contributed to the discriminative power were selected based on the following criteria. The individual variable importance in the projection (VIP) used in the first principal component of the OPLS-DA model was obtained and initially selected if the value exceeded 1. Secondly, a P value of the student t-test for the intergroup comparison should be less than 0.05. Meanwhile, the fold change (FC) larger than 2 or less than 0.5 was also considered as an identification standard. The relative intensities of these metabolites across samples in each group were depicted by heatmap ( Supplementary Figures 1-6 ). We further formulated extra stringent criteria of VIP > 1.5 and P value <0.01 to narrow the scope of identified biomarkers to a final list of 13 metabolites in the comparison between TBM and viral meningitis, 16 in TBM and bacterial meningitis and 9 in TBM and cryptococcal meningitis, as was shown in Table  2 . Most of the metabolites exhibited increased contents in the CSF of TBM patients compared to other types of meningitis, except for lower 3,4-Dihydroxybenzoate concentration in TBM than viral meningitis, decreased level of Chenodeoxycholate and Phosphatidic acid (PA 18:1/0:0) in TBM than bacterial meningitis.
By thoroughly searching the database of KEGG Pathway, the differentially abundant metabolites were cross-referenced to the related pathways. To further learn about the impact value of each pathway, pathway analysis by MetaboAnalyst was processed and presented in Figure  5 . Essential pathways with large impacts were labeled in each comparison, with the detailed results of pathway analyses listed in Table 3 . In particular, "Total" represented the total number of compounds in the pathway; "Hits" referred to the actually matched number from the user uploaded data; False Discovery Rate (FDR) is the P value adjusted using FDR model; the Impact is the pathway impact value calculated from pathway topology analysis. The metabolism of fatty acid and amino acid, e.g. ketone bodies, linoleic acid, alanine, aspartate and glutamate, et al, seemed to participate in the comparisons.
DISCUSSION
With the development of drug-resistance, TB still remains a serious health burden all over the world at the present time [15] . According to the Disability-adjusted life years (DALYs) proposed by the 2010 Global Burden of Disease Study, TB is 13th cause of disability, and the 10th factor of death [16] . TBM presents with disseminated TB infection with CNS involvement, and has been recognized as a critical form of TB. However, the diagnosis of TBM is often obscured due to its non-specific clinical appearance. Furthermore, the differential diagnosis of TBM with viral meningitis, bacterial meningitis and cryptococcal meningitis is a tough challenge in some cases. In this study, we conduct a metabolomics study to investigate the metabolic profiles of the CSFs of TBM and other types of meningitis, and to identify potential biomarkers to differentiate TBM from other types of meningitis.
Intriguingly, we found an increase in the levels of a large amount of metabolites in TBM, as compared with other types of meningitis. Six major groups of altered metabolites, including amino acids, urea, lipids, fatty acids, bilirubin, bile acid, and uric acid, were found to to be different from the comparisons. These substances mainly participated in the metabolism of amino acids (diverse amino acids including leucine, proline, valine, phenylalanine, glutamine, tyrosine, tryptophan, homocysteine, and urea), lipids (lathosterol, PA, phosphatidylethanolamine (PE), phosphatidylcholine (PC), phosphatidylglycerol (PG); fatty acids including linoleic acid, palmitic acid, 16-hydroxypalmitic acid, stearic acid; bilirubin; bile acids such as chenodeoxycholate, 3,4-dihydroxybenzoate, glycocholic acid; and other metabolite of lipid like stearoylcarnitine), and nucleoside (uric acid, xanthine, hypoxanthine and urea), et al.
TB infection requires sufficient energy supply, which leads to the altered concentrations of a variety of energy-associated metabolites in the CSF. Amino acids take part either directly or indirectly in a diversity of essential biochemical functions in CNS, including the provision of building blocks for energy production through gluconeogenesis, the intercellular shuttles between mitochondria, and mitochondrial ATP production [13, 17] . In this study, various amino acids presented with an elevated amount in the CSF of TBM (Table 2 ). In addition, several related pathways in the three groups of comparisons were closely associated with the metabolism of amino acids. On the other hand, urea is involved in the metabolism of arginine and proline. The increased level of urea in TBM compared to either viral meningitis, bacterial meningitis or cryptococcal meningitis might also be related to vigorous amino acid metabolism.
As an important enzyme involved in nucleic acid metabolism, adenosine deaminase (ADA) is associated with the activity of cellular immunity. Reported data showed that ADA could be used as a biomarker in the diagnosis of TBM [18] . Previous studies have found purine metabolism related-molecules, such as xanthine, urate, malonate and malonic acid, increased in TBM, rather than other types of meningitis [19, 20] . We have demonstrated that uric acid is significantly higher in the CSF of TBM than viral or bacterial meningitis. Besides, the level of urea, xanthine and hypoxanthine also presented with the same trend. Furthermore, purine metabolism was proved to be a related pathway in the comparison of TBM with bacterial meningitis. These results have indicated TBM might alter nucleoside metabolism, and related markers could serve as potential candidates for meningitis differentiation. In this study, we found that numerous unsaturated fatty acids present with an elevated level in TBM. Moreover, altered lipid and bile acid metabolism was observed. In TBM, an increased synthesis and degradation of ketone bodies resulted in an elevated concentration of acetoacetic acid. These phenomena may be due to enhanced glycerolipid and glycerophospholipid metabolism to meet the increased energy requirement in TBM. Nevertheless, how lipid metabolism is modified in the complex pathogenic process warrants further research.
This study is one of the first metabolomics studies for CSFs of TBM, viral meningitis, bacterial meningitis and cryptococcal meningitis. Abundant metabolites were identified to discriminate TBM and other types of meningitis, and could be used in the diagnosis of TBM. The involvement of some substances has never been reported in published literatures. However, certain limitations of this study should be taken into consideration. Firstly, some differentially expressed molecules with certain m/z ratios and RTs were recognized as unknown substances due to lack of database. Secondly, targeted metabolomics analyses for the validation of potential biomarkers were not performed, due to limited samples. Future studies are necessary to validate the findings and to analyze the links between the altered metabolites and pathophysiology of diseases.
In conclusion, metabolomics analyses based on UHPLC-QTOF-MS demonstrated altered metabolic profiles in TBM, viral meningitis, bacterial meningitis and cryptococcal meningitis. Related metabolites and pathways are involved in the metabolism of amino acid, lipids and nucleosides. The identification of biomarkers by metabolomics in CSF provides valuable information for the diagnosis and differential diagnosis of TBM, and may contribute to the reduction of TBM morbidity and mortality.
MATERIALS AND METHODS
Patients and CSF samples
Patients with TBM, viral meningitis, bacterial meningitis and cryptococcal meningitis in the Department of infectious diseases, Zhejiang Provincial People's Hospital were consecutively enrolled from January, 2014 to December, 2015, with CSF samples collected. The diagnosis of various types of meningitis was based on the procedure of authoritative guidelines [21] [22] [23] [24] . All patients should have symptoms and clinical signs of meningitis. TBM: recent exposure to tuberculosis, typical changes of CSF, including protein >1 g/L, pleocytosis (>20 cells/ μL), lymphocytes >60%, and CSF to blood glucose ratio of <0.6, with or without acid-fast bacilli seen or cultured in the CSF. Patients with TBM had response to anti-tuberculosis therapy. Viral meningitis: an elevated white blood cell count (usually 10-100 cells/μL) with a lymphocytic predominance and a normal glucose level. Bacterial meningitis: presence of white blood cells, red blood cells, elevated protein content and glucose level in CSF samples. Cryptococcal meningitis: positive India ink stains of CSF for Cryptococcus.
Children and adolescents whose ages were less than 18 years should be excluded. Patients with human immunodeficiency virus (HIV) infection were also excluded. The study was processed in agreement with the declaration of Helsinki, and was approved by the ethnic committee of Zhejiang Provincial People's Hospital. All subjects were informed about the objective and design of study, and have signed a written informed consent. A lumbar CSF sample was taken upon admission before any treatment in each patient, and was stored at -80°C until further analysis. We intend to compare the CSF metabolic variations of TBM with viral meningitis, bacterial meningitis and cryptococcal meningitis, respectively.
Sample preparation
Samples were thawed at room temperature and 150μL of CSF was taken into the 1.5 mL EP tubes. 300μL methanol was added, followed by 20μL L-2-Chlorophenylalanineas (1 mg/mL stock in dH 2 O) as an internal standard to the sample. The mixture was homogenized using vortex for 30s, and sonicated for 10min (incubated in ice water). After incubating at -20°C for 1 hour, CSF samples were centrifuged at 12000rpm, 4°C for 15 min. 0.2mL of the supernatant was transferred into a 2ml LC/MS glass vial. 10μL of each sample was taken and pooled as quality control (QC) samples.
UHPLC-QTOF-MS analysis
Samples were analyzed by using Agilent 1290 UHPLC system (Agilent 1290, Agilent, USA), coupled with Agilent 6550 QTOF mass spectrometer (Agilent 6550, Agilent, USA) and AB Triple TOF 6600 system (AB 6600, SCIEX, USA). ACQUITY UPLC HSS T3 system (Waters, Milford, MA) was utilized with a 2.1 × 100 mm, 1.7μm C18 column maintained at 40°C for chromatographic analysis. All samples were analyzed in both positive and negative electrospray ionization (ESI+/-) modes. The mobile phase for positive ESI mode consists of (A) 0.1% formic acid (FA) in water and (B) 0.1% FA in acetonitrile (ACN). For negative ESI mode, it was composed of (A) 0.5mM ammonium fluoride in water and (B) ACN. The flow rate was set at 500μl/min, with the gradient optimized as follows (time (minute), A %): (0, 99), (1, 99), (8, 0), (10, 0), (10.1, 99), (12, 99) .
Data processing and statistical analyses
The raw data were processed by XCMS software 1.41.0 for peaks extracting, filtrating and matching [25] . All peaks were defined by m/z ratios and retention times (RT). The matching standard was detailed as "m/z tolerance ± 30ppm" and "RT tolerance ± 60s". Interquartile range de-noising method and overall normalization by support vector regression (SVR) method was employed, while missing data were filled up by half of the minimum value.
The resulted data were fed to SIMCA software (Version 14.1, MKS Data Analytics Solutions, Umea, Sweden) for principal component analysis (PCA) and orthogonal projections to latent structures-discriminate analysis (OPLS-DA). PCA demonstrated the distribution of original data; while OPLS-DA was applied for a better observation of group separation. 7-fold cross validation was applied to validate the robustness and the predictive ability of our model. Furthermore, commercial databases including Kyoto Encyclopedia of Genes and Genomes (KEGG) (http://www.genome.jp/kegg/) and MetaboAnalyst (http://www.metaboanalyst.ca/) was consumed to search for the pathways of metabolites. 
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